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This paper introduced a stochastic programming model to address the air freight hub loca-
tion and ﬂight routes planning under seasonal demand variations. Most existing
approaches to airline network design problems are restricted to a deterministic environ-
ment. However, the demand in the air freight market usually varies seasonally. The model
is separated into two decision stages. The ﬁrst stage, which is the decision not affected by
randomness, determines the number and the location of hubs. The second stage, which is
the decision affected by randomness, determines the ﬂight routes to transport ﬂows from
origins to destinations based upon the hub location and realized uncertain scenario.
Finally, the real data based on the air freight market in Taiwan and China is used to test
the proposed model.
 2009 Elsevier Inc. All rights reserved.1. Introduction
Hub location and ﬂight routes decisions are strategic level of planning and involves deciding the conﬁguration of the ser-
vice network. They have a long lasting impact on the airline company. However, the air freight market is fraught with uncer-
tainty. Seasonal demand variation is one of the major sources of this uncertainty. Most existing approaches for the airline
network design problems are restricted to a deterministic environment. That is, the parameters and variables of the models
are all deterministic. The most commonly used method is applying the average values to the parameters or variables, which
can only represent a single situation. However, the demand in the air freight market usually varies seasonally. Results based
on the deterministic model cannot respond to the demand ﬂuctuations. This study explicitly considers the uncertainty of
demand and formulates the airline network design problem as a two-stage stochastic program. The proposed two-stage
framework matches the real-world decision process. The choice of hub location is a long-term investment and will not
change according to seasonal demand variation. Therefore, hub location will not be inﬂuenced by the randomness of demand
and belongs to the ﬁrst stage decision of the proposed model. However, the decisions of ﬂight routes and ﬂow allocation do
vary in response to the change of demand. Hence, they are affected by stochastic demand and belong to the second stage of
the proposed model.
Since the service network design is a key issue in airline operations, many studies have addressed this problem. There
are two network systems that are the most commonly used in airline operations: point-to-point and hub-and-spoke. A
point-to-point network is relatively simple in comparing with a hub-and-spoke network. Therefore, most studies have
focused on the design of hub-and-spoke networks. O’Kelly [1] ﬁrst formulated the discrete hub location problem as a qua-
dratic integer program. Several researches were conducted using this quadratic integer formulation [2–4]. Campbell [5,6]
proposed a new method to deﬁne the variables for discrete hub location problems. The method reduced the hub location
problems to linear integer problems, but the beneﬁts come at the cost of additional variables and constraints. After that,
many models or solution techniques were proposed based on Campbell’s method. The model was discussed and enhanced. All rights reserved.
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modifying Campbell’s formulation [11,12]. Ernst and Krishnamoorthy [13] developed a shortest-paths based algorithm in
conjunction with a branch-and-bound scheme to solve p-hub median problems.
The signiﬁcance of uncertainty has prompted a number of researchers to address stochastic parameters in network design
problems. Mirchandani and Odoni [14] considered uncertainty on link travel times and addressed stochastic network med-
ian problems. Louveaux [15] studied stochastic facility location problems for different applications in both private and public
sectors. The uncertainty comes from demand, production costs, transportation costs, and prices. Louveaux and Thisse [16]
used a two-stage stochastic model to formulate a location-production problem with uncertain demands. Barbarosoglu
and Arda [17] applied two-stage stochastic programming model in transportation network planning for disaster response.
Santoso et al. [18] addressed stochastic strategic supply chain planning problems where the uncertainty comes from pro-
cessing costs, transportation costs, demand, supply, and capacity. Listes and Dekker [19] employed the stochastic program-
ming approach to a product recovery network design problem where the uncertainty happens on demand and/or supply.
Powell and Frantzeskakis [20] addressed stochastic dynamic network problems with random arc capacities and proposed
different approximation techniques to evaluate the recourse functions.
Though the stochastic programming has been applied in different areas, in our review of related literature we found none
that addressed the particular issues in air freight hub location problem and ﬂight routes planning. This study employs a two-
stage stochastic programming model to formulate the air freight hub location and ﬂight routes decision for seasonal demand
variations. This paper makes the following contributions. (1) The proposed two-stage approach considers the strategic hub
location decision and the more tactical ﬂight routes decision simultaneously. To the best of author’s knowledge, this idea has
never been proposed in the literature associated with hub location problems or air freight network design problems. (2) The
proposed stochastic model considers seasonal demand variations in the second stage routing decision. In other word, the
model adjusts the route choice and ﬂow allocation decisions in response to the change in demand. (3) A real network based
on the air freight market in China and Taiwan was used to test the proposed model. The results can provide the practitioners
as a reference.
The remainder of this paper is organized as follows: in the next section, the notation and variables are ﬁrst deﬁned and a
stochastic air freight hub location and ﬂight routes planning model is then introduced. In Section 3, a case study based on
real air freight data from Taiwan and China is used to illustrate the proposed model. Finally, some concluding remarks are
discussed in Section 4.2. Model formulation
2.1. Problem description
In a real-world air freight market, demand usually has obvious seasonal variation. However, it is impossible to have pre-
cise information on seasonal demand variations in the planning stage. To deal with the stochastic nature of demand, this
paper assumes that demand has a discrete distribution with ﬁnite number of possible realizations, or ‘‘scenarios.” In the
practical airline operations, the hub location decision belong to a strategic planning, which cannot alter at a short notice.
The ﬂight routes planning (or service network design) is a more tactical decision. In response to the seasonal demand var-
iation, the ﬂight routes are usually adjusted every half year or at most every quarter. Therefore, there are about 2–4 scenarios
(or realizations) in the stochastic model. The purpose of this study is to determine hub locations and design a service net-
work to transport the demands to the destinations at the lowest operation cost while taking seasonal demand variation into
consideration.
2.2. Notation and variable deﬁnition
The notation and variables used in the model are deﬁned as follows:
N: the set of nodes. In this study, a node is represented as an airport.
x: a realized uncertain scenario.
X: the set of all possible scenarios and, x 2 X.
DðxÞ: a realized demand level from node i to node j for scenario x. In this study, the demand level is treated as a discrete
random variable.
pðxÞ: the probability for scenario x.
xk: the decision variable for hub location. If xk ¼ 1, node k is set to be a hub; otherwise, xk ¼ 0.
yijðxÞ: if yijðxÞ ¼ 1, the demand is transported through the non-stop path i–j for scenario x; otherwise yijðxÞ ¼ 0. By deﬁ-
nition, neither nodes i nor j are hubs. The path that transports demand may change due to different demand levels.
Therefore, the decision variable yijðxÞ has stochastic features.
yiktjðxÞ: if yiktjðxÞ ¼ 1, the demand is transported from i to j and transshipped at hubs k and t for scenario x; otherwise
yiktjðxÞ ¼ 0. The path that transports demand may change due to different demand levels. Therefore, the decision var-
iable yiktjðxÞ has stochastic features.
aðxÞ: the discount factor for inter-hub transportation costs for scenario x. aðxÞ is used to approximate the economies of
scale for inter-hub transportation costs.
4426 T.-H. Yang / Applied Mathematical Modelling 33 (2009) 4424–4430bðxÞ: the discount factor for the transportation costs between a non-hub origin and a hub, or between a hub and a non-hub
destination for scenario x. bðxÞ is used to approximate the economies of scale for the transportation costs between
hub and non-hub. In generally, 0 6 aðxÞ 6 bðxÞ 6 1.
cij: the unit transportation cost for the non-stop service between i and j.
ciktjðxÞ: the unit transportation cost for hub-connected service from i to j and transshipped at hubs k and t. In order to rep-
resent the effect of economies of scale on hub-connected ﬂight, ciktj is calculated by bðxÞ  cik þ aðxÞ  ckt þ bðxÞ  ctj.
fk: the ﬁxed cost to set up hub k.
V: a very large positive number.
nðxÞ: a random data vector consisting of the uncertain parameters and quantities.
The three-hub-stop ﬂights are rarely applied in the practical airline operations. Therefore, this study only considers the
ﬂight routes that stop at most two different hubs. This is because the savings from the economies of scale due to ﬂow concen-
tration at hubs are usually not able to cover the costs due to additional ﬂying distances and hub-stops in air market. In other
areas, for example: maritime transportation, routes with more than three hub-stops may be used, but it is rarely used in air
transportation. The variables xk, yijðxÞ, and yiktjðxÞ are decision variables. This study uses path-based formulation which uses
the possible paths between every pair of origins and destinations as decision variables. In most real-world applications, it is
generally necessary to explicitly maintain the path ﬂows in the formulation. The proposed model limits the ﬂight route at
most having two hub-stops. Therefore, the number of variables (possible paths) can be signiﬁcantly reduced. This makes
the problem become tractable for real networks. In practice, setting a hub is a long-term plan and investment which cannot
be easily changed in a short space of time. The hub locationwill not alter due to demand variation. The hub location variable xk
is, therefore, not affected by randomness of demand. However, the path used to transport the demandmay change due to dif-
ferent demand levels. Hence, variables yijðxÞ and yiktjðxÞwill be different according to different realized demands. This study
uses a two-stage stochastic program to formulate the airline network design problem under seasonal demand variation. The
ﬁrst stage consists of the determining the number and the location of hubs, which is a strategic level of decision and usually
does not change in the short term. The second stage decision is to construct a service network, which includes determination
of transport routes and allocation of ﬂows, in an optimal fashion based upon the hub location and realized uncertain scenario.
We are now ready to state a two-stage stochastic model for the stochastic air freight hub location and ﬂight routes plan-
ning problem.
2.3. Stochastic air freight hub location and ﬂight routes planning model
The stochastic air freight hub location and ﬂight routes planning problem can be written as follows:
Stage one (P1)Min
x
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k2N
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expectation operation. (P1) and (P2) combine together to form a two-stage stochastic program. The objective function (1)
contains a deterministic term
P
k2Nfkxk, which is the hub setup costs, and the expectation of the second stage objective
Qðx; nÞ taken over all realizations of random eventx, which is the expected value of the transportation costs (objective func-
tion 3). The ﬁrst stage problem corresponds to the investments that must be made for opening hubs (xk) prior to knowing the
actual realizations of the random parameters nðxÞ. The second stage decision (P2) corresponds to the establishment of a ser-
vice network through the determination of ﬂight routes and allocation of ﬂows for each route (i.e. yijðxÞ and yiktjðxÞ) after the
values of the random parameters become known and the ﬁrst stage decision, xk, has been taken. Clearly once the value of xk
is chosen in the ﬁrst stage, the second stage decisions yijðxÞ and yiktjðxÞ are likely to change under different realizations ofx.
In other words, when the scenario x is realized, the second stage unknown quantities DijðxÞ, pðxÞ, and ciktjðxÞ become
known. Then the second stage decision yijðxÞ and yiktjðxÞ can be taken.
Constraint (2) requires the variable xk to be either 0 or 1. Constraint (4) ensures that all demand on each origin has to
transport to its destination. Constraint (5) ensures that non-stop ﬂights should be represented as xkkki, xikkk, xiikk, or xkkii,
not xik or xki, if node k is a hub. Constraint (6) requires that only non-stop and one-hub-stop services are allowed if either
the origin or the destination is a hub. Constraint (7) requires that only non-stop service is allowed when both origin and des-
tination are hubs. Constraint (8) requires that no hub-connected services are allowed transshipping at node k, if node k is not
a hub. Constraint (9) states that at least one of hub-stop ﬂights must transship at node k, if node k is a hub. Constraints (10)
and (11) enforce the ﬂow fractions being between 0 and 1.
3. Case study
3.1. Data and implementation
The data from air freight market in Taiwan and China were used to test the proposed model. The top 10 cities ranked by
economic exchange activities between Taiwan and China were selected [21,22]. Currently direct ﬂights between Taiwan and
China are banned due to political issues. We attempt to plan ahead the air freight service network before Taiwan and China
relax the restrictions on direct ﬂights.
Based on historical data, the demand can be roughly separated to three levels, middle (100%), high (about 120% of middle
level), and low (about 75% of middle level). Their corresponding probabilities are 0.58 (middle), 0.25 (high), and 0.17 (low),
respectively. Previous studies suggest that a reasonable value of a is between 0.6 and 0.8 and a reasonable value of b is be-
tween 0.7 and 0.9 [1,9,11]. The discount factors for different demand levels and the market share were assigned by reason-
able assumption. The other testing parameters were collected or estimated based on data from a leading airline company in
Taiwan. The data were all converted to annual basis and the detailed testing data are listed in Table 1.
In order to facilitate solution procedure, the two-stage model (P1 and P2) is rewritten in an extensive form [23]. The
extensive form explicitly describes the second stage problem for every scenario and combines with ﬁrst stage problem.
The stochastic model (P1 and P2), therefore, becomes an MIP problem. The MIP problem is then implemented by the com-
mercial software GAMS and the MIP solver GAMS/OSL is employed to solve the problem. All tests were executed on a per-
sonal computer equipped with a 3.2 GHz Intel Pentium 4 CPU and 1 GB RAM, using the Microsoft Windows XP operating
system.
3.2. Test results
As discussed earlier, the ﬁrst stage of Model (P1) seeks the best hub location over the planning horizon before knowing
exact demand. The second stage decision is to construct the optimal service network based on the hub location after observ-
ing the realized demands. The results showed that the stochastic model chooses Hangzhou as hub for all demand levels.
However, the model provides different service networks (transport paths and ﬂow allocation) in response to different de-
mand levels. The network conﬁgurations for different scenarios are shown in Figs. 1–3, respectively. As demand increases,
the use of hub-stop ﬂights increases. This is because higher demand would increase the savings on transportation costs due
to the effect of economies of scale. In the low demand scenario, the number of non-stop ﬂights is relatively higher than in the
other two scenarios. The number of non-stop ﬂights and the number of hub-stop ﬂights for different demand levels are listed
in Table 2.Table 1
Data settings for test network.
The number of nodes (airports) 10
The setup costs for a hub (New Taiwan Dollar) 420,000,000
The unit transportation costs (New Taiwan Dollar) 7.74 NTD/km ton
Demand levels (high/middle/low) 120%/100%/75%
Probability sets (high/middle/low) 0.25/0.58/0.17
Discount factors aðxÞ, bðxÞ (high/middle/low) (0.5,0.7)/(0.6,0.8)/(0.7,0.9)
Fig. 1. Network in high demand.
Fig. 2. Network in middle demand.
4428 T.-H. Yang / Applied Mathematical Modelling 33 (2009) 4424–4430Furthermore, the solution from the stochastic model is compared with a solution from deterministic models. One of the
most commonly used methods in traditional deterministic models is using the average value to represent the uncertain
parameter. Therefore, the average demand is used to represent demand variation. Since stochastic demand was substituted
by a single value (average demand or expected value), the problem is reduced to a deterministic model. The two solutions
from the deterministic model and stochastic model are compared in Table 3. The stochastic solution is better than the aver-
age-value model. The stochastic model uses the same hub location, but adjusts the network conﬁguration (transport paths
and ﬂow allocation) to adapt the different demand levels. However, the average-value model ﬁxes the hub location and net-
work conﬁguration for every demand level. Therefore, it is not as good as the stochastic model.
Fig. 3. Network in low demand.
Table 2
The transport paths for different scenarios.
Demand scenarios Number of non-stop ﬂights Number of hub-stop ﬂights
High 28 62
Middle 28 62
Low 40 50
Table 3
The comparison of solutions between deterministic and stochastic models.
Model Hub location Objective value
Stochastic model Hangzhou 3889209584.2563
Average-value model Hangzhou 4105013036.9427
T.-H. Yang / Applied Mathematical Modelling 33 (2009) 4424–4430 44294. Summary and conclusions
The strategic hub location and ﬂight routes planning problem is a key factor for operational activities. Therefore, it has a
long lasting impact on airline companies. The demand level is one of the fundamental input parameters in the airline net-
work design problem. The traditional deterministic model assumes a single demand level as a given input and then designs
an optimal service network based on the given demand. Average demand is the most commonly used value. However, the
demand has obvious seasonal variation in air freight market. A single demand level is not sufﬁcient to represent the demand
variation. This study explicitly considers the demand variation into the network design process and proposed a two-stage
stochastic network design model. The decisions were separated to two stages. The ﬁrst stage sought the best hub location
under different demand levels across the planning horizon. The second stage decision was to determine the transport paths
and allocate the path ﬂows in response to the change of demand. The two-stage decisions match the decision procedure of
airline companies in practice: the choice of hub location is a long-term investment and will not change due to different de-
mand levels, while the transport paths and their ﬂows are usually adjusted in response to changes in demand. The proposed
model was tested with a real network data collected from the air freight market in Taiwan and China. Preliminary tests
showed that the model is able to effectively respond to demand variation. The result was also compared with the solution
from the deterministic model by using average demand as input. The proposed stochastic model performs better than the
deterministic model based on average demand.
4430 T.-H. Yang / Applied Mathematical Modelling 33 (2009) 4424–4430Since the stochastic hub location and ﬂight routes planning model takes possible demands into consideration, the prob-
lem size in general will be increased. Developing an efﬁcient solution algorithm to solve the proposed model could be a
direction for future research.
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